. Collectively, these issues pose a difficulty: C-H bonds will seemingly be cleaved only by energetic reagents or under 'harsh' conditions (such as high temperatures), but such reactions are unlikely to be selective for a single C-H bond. For example, the combustion of hydrocarbons, a powerful process used to produce heat since the rise of human civilization, non-selectively cleaves all C-H and C-C bonds in the starting material to produce carbon dioxide and water. Reactions that achieve controlled and selective functionalization of C-H bonds are akin to carefully pruning a single leaf from a tree and grafting on a new branch at that position. Such transformations are underdeveloped, yet hold the promise of permanently changing how chemists design and synthesize molecules.
More than 50 years ago, inorganic and organo metallic chemists discovered that transition metals interact with C-H bonds in unique ways, enabling ready C-H functionalization 2, 3 . More recently, organic chemists have become interested in this reactivity with an eye to developing selective reactions of C-H bonds 4, 5 . Existing strategies for obtaining such selective reactions generally involve an approach called substrate control, which depends on the intrinsic structural features and reactivity patterns of molecules. It remains a tremendous challenge to develop catalyst-controlled reactions that distinguish the subtle steric and electronic differences between C-H bonds in molecules that lack any functional groups (steric effects are those associated with the spatial crowding of chemical groups and atoms). Liao et al. tackled this issue directly by investigating the selective functionalization of pentane, a simple mol ecule that contains only C-C and C-H bonds.
Pentane contains a chain of five carbon atoms and, because of molecular symmetry, it has three distinct positions at which re actions can occur: the chain ends; the carbon atoms next to the ends (also known as the C2 positions); and the middle carbon atom. The authors sought to design a catalyst that would promote a highly selective reaction at a C-H bond at C2, a formidable undertaking (Fig. 1) .
The same research group had previously pioneered a strategy for taming the reactivity of dirhodium carbenoids, a class of organometallic complex, by attaching electron-donor and electron-acceptor substituents to them 6, 7 . The resulting species are still highly reactive, but are long-lived enough to participate in reactions with other molecules and to selectively target activated C-H bonds (such as those next to a C-C double bond, a benzene ring or an oxygen atom). Because pentane contains only unactivated C-H bonds, a strategy is needed to enable these catalysts to distinguish between the slight differences in steric and electronic properties associated with the possible reaction sites. This means that the size, shape and electronic environment around the reactive metal centres in the complexes need to be finely tuned.
The authors therefore tested a number of catalysts for reactivity and selectivity in the C-H activation of pentane. Synthesizing a library of new catalysts for screening is often a bottleneck in reaction optimization. Catalysts tend to consist of organic ligand molecules bound to metals, and so, for each catalyst, chemists generally synthesize the ligand first and add the metal in a subsequent step.
To expedite this typically tedious process, Liao et al. used an ingenious approach. They first synthesized a versatile dirhodium precursor complex, from which new catalysts could be prepared at a single stroke -streamlining catalyst discovery in a process that parallels methods used for discovering small-molecule drugs. In this way, the authors discovered a catalyst that preferentially functionalizes a C-H bond at the second carbon of pentane rather than C-H bonds at the first or third carbons, forming a new C-C bond at that carbon with more than 95% selectivity. This is a truly remarkable accomplishment, given the similarity between the three C-H bonds.
The authors went on to show that their reaction is similarly effective with other saturated hydrocarbons, and with some simple compounds that contain potentially reactive functional groups such as halides, silanes and esters. Moreover, the transformation is highly enantioselective (it yields only one of the two possible mirror-image isomers of the product). Enantioselective reactions are crucial for the synthesis of many biologically active compounds, including pharmaceuticals.
Although it remains to be seen how generally useful the optimal catalyst for C2 functionalization in pentane will be as a tool for synthesis, the authors' platform for catalyst screening and optimization will potentially allow catalyst structures for any given substrate to be tailored as needed. More broadly, Liao and colleagues' research represents an important step towards achieving high selectivity in catalytic C-H functionalization, even in the most challenging contexts. Reactions of this type would allow organic molecules to be groomed, pruned and shaped with bonsailike precision, readying them for an array of potential applications. ■
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Ancient air caught by shooting stars
Ashes of ancient meteors recovered from a 2.7-billion-year-old lake bed imply that the upper atmosphere was rich in oxygen at a time when all other evidence implies that the atmosphere was oxygen-free. See Letter p.235
t is a truth almost 1 universally acknowledged that Earth's atmosphere before about 2.5 billion years ago had little or no free oxygen. The classic argument for anoxia on ancient Earth is that a distinct change occurred in the oxidation state of many surface rocks and minerals around the end of the Archaean eon 2 (which lasted from 4 billion to 2.5 billion years ago). A more recent argument is that a sudden, permanent change in the relative abundances of rare sulfur isotopes preserved in sediments also occurred at that time -a change that can be linked to differences in sulfur's atmospheric chemistry in the presence or absence of oxygen 3 . These arguments are strong. It therefore comes as a surprise that melted meteor fragments recovered from Archaean limestone indicate that the contemporaneous atmosphere above 75 kilometres was highly oxidized, as reported by Tomkins et al. 4 on page 235. The authors recovered 60 micrometeorites from 2.7-billion-year-old limestone in the Pilbara region of Western Australia. Micrometeorites are the surviving bits of meteors that were too small to burn up as shooting stars in the atmosphere, and are typically tens of micrometres in diameter. All but one of the Pilbara micrometeorites were originally sand-sized grains of iron and nickel alloy. Of the 11 studied in detail, 9 are composed of an oxidized mineral called magnetite (Fe 3 O 4 ) and retain a distinctive morphology that indicates fast cooling. The other two retain some of the original metal and wüstite (FeO), an iron oxide that occurs in meteorite fusion crusts. Nearly as remarkable as their existence is that there is nothing otherwise remarkable about themthey look like, and are as oxidized as, the iron micrometeorites that fall to Earth today 5 . Tomkins et al. argue that the micrometeorites look modern because the air above 75 km was roughly as oxidized during the Archaean as it is today, and back this up using a model of meteor physics and chemistry tuned for modern Earth. The model shows that the air in that region needed to be oxygen-rich for it to oxidize all the iron to magnetite as it slowed the meteor's flight. If, however, the chemical reaction continued for a little longer than was modelled, it might have sufficed for the air to be less oxic. Carbon dioxide could have acted as an alternative oxidant (see Extended Data Fig. 5 of the paper 4 ), although the kinetics for oxidation with CO 2 are less favourable than with oxygen.
The idea that an oxygen-rich upper atmosphere sat on top of an anoxic lower atmosphere poses a serious challenge to atmospheric modellers. Models predict 6 that oxygen can be abundant at extremely high altitudes in otherwise anoxic atmospheres, but because the oxygen comes from CO 2 that was split by sunlight (photolysis), it is balanced by a stoichiometric complement of carbon monoxide (Fig. 1) . Overall, the resulting gas mixture would be no more oxidizing than CO 2 itself.
To create a local superabundance of oxygen from CO 2 , the CO must be preferentially removed. There is no obvious way to do this. Some other molecule is therefore required that can be split into oxygen and a chemically reduced species that can be easily removed. One possible candidate is sulfur dioxide (SO 2 ) from volcanoes. This gas can be split by sunlight into oxygen and elemental sulfur, which can condense to form particles that fall to Earth, leaving oxygen behind. Isotopes in sedimentary rock indicate that elemental sulfur did fall from the skies during the Archaean 7 , which makes SO 2 an attractive candidate.
The other obvious candidate is water vapour, which can be split by sunlight to free hydrogen atoms that escape to space, leaving oxygen behind. Water can do double duty here: the hydroxyl (OH) radicals generated by water photolysis react with CO to put CO 2 back together again, freeing more hydrogen atoms. If the hydrogen atoms escape to space quickly enough, then the top of the atmosphere can become rich in oxygen. This is why Mars has more oxygen than CO in its atmosphere.
But today, water is cold-trapped in Earth's lower atmosphere and the upper atmosphere is very dry. For water vapour to have reached the upper atmosphere during the Archaean, either the cold trap must have been warmer than it is today, or the atmosphere must have been thinner, which would have made the cold trap less effective 8 . Evidence 9 that atmospheric pressure was less than half of what it is today -and perhaps much less -has been found in rocks of almost identical age to those hosting the oxidized micrometeorites. The micrometeorites might, therefore, be evidence of a thinner atmosphere.
The Pilbara micrometeorites are not the only preserved probes of the Archaean atmosphere. Several thick beds of impact-generated spherules -rounded bodies formed from the molten ejecta of meteorite impacts -provide hints about the atmosphere they fell through 10 . The Archaean spherule beds are analogous to the thinner spherule layers broadcast worldwide by the Chicxulub impact that killed the dinosaurs. One distinction between the Chicxulub and the Archaean spherules is that the latter were formed under markedly more reducing conditions, which has been interpreted to mean that the Archaean atmosphere contained no more than 0.01% oxygen 10 . The spherules probably last reacted with air when they re-entered the atmosphere as meteorstypically reaching a height of between 30 and 50 km, judging from the spherules' size (about a millimetre in diameter). In other words, the air last sampled by the spherules would have been between the air at Earth's surface and that sampled by the micrometeorites.
It is remarkable that objects as small as the micrometeorites sur vived intact for 2.7 billion years. The survival of wüstite is particularly unusual -this mineral is not normally seen near Earth's surface -and is crucial to the authors' interpretation of these minuscule objects as being extraterrestrial. However, the micrometeorites were deposited in a highly unusual environment: the Tumbiana Formation.
This rock formation was once a system of lakes, and the lake in which the micrometeorites were found was highly alkaline 11 , as indicated by its extremely high abundance of heavy nitrogen isotopes 12 . Wüstite has low solubility under such pH conditions 13 , and would have been especially insoluble if the bottom waters of the lake and the pore waters in the buried sediments were anoxic. Such conditions are rarely encountered in the geological record, which means that the Pilbara micrometeorites might be a one-off discovery. This would be unfortunate, because the structure, pressure and vertical composition of the ancient atmosphere are fiendishly difficult things to determine. But one can wish upon a shooting star. ■ conclude that micrometeorites found in sedimentary limestone deposited 2.7 billion years ago were oxidized by their passage through an oxygen-rich upper atmosphere at a time when the lower atmosphere was anoxic. a, Oxygen could have formed in the upper atmosphere if carbon dioxide was split by solar ultraviolet radiation to form oxygen and carbon monoxide. However, the CO would have to have been removed to enrich the upper atmosphere in oxygen. b, Water vapour (most of which is likely to have condensed in the lower atmosphere) could have split to form OH radicals and hydrogen atoms, so that the OH could react with CO to regenerate CO 2 . The hydrogen would have escaped to space, leaving oxygen behind. c, Alternatively, if sulfur dioxide from volcanoes was split by solar UV to form oxygen and sulfur particles, then the particles could have fallen to Earth's surface, leaving oxygen behind. If an electron is moved to a new position inside a metal, then the other electrons and nuclei respond by shifting their own positions. An electron that is accompanied by this response of the surrounding electrons and nuclei is an example of a quasiparticle (Fig. 1) . It would be fascinating to prepare and manipulate the trajectories of quasiparticles to make them collide and then to study the effect of the collision, similar to experiments in a particle accelerator. On page 225 of this issue, Langer et al. 1 report the realization of such an experiment.
Kevin Zahnle is in the Space
The authors studied an electrical insulator, tungsten diselenide (WSe 2 ). They generated pairs of quasiparticles in the material, one negatively charged and the other positively charged, using an ultrashort light pulse (10-100 femtoseconds in duration; 1 fs is 10 -15 seconds). The light pulse's energy, intensity and duration were precisely adjusted so that the initial distance of the quasiparticles from each other, and their relative speeds, were well defined.
Langer and colleagues then launched the quasiparticles along a linear track. This track was created with the help of the electric field from a second light pulse; the field strength, duration and oscillation period of the light pulse were adjusted to direct the quasiparticles into a head-on collision. The collision caused mutual annihilation of the quasiparticles and the emission of a photon, which the authors detected. The experiment is therefore similar to studies of electron-positron annihilation in high-energy particle accelerators (positrons are the antiparticles of electrons, which means that they have opposite charge and equal mass to an electron).
The researchers can tune the conditions of their system in many ways by adjusting the aforementioned experimental parameters and the time interval between the generation of the pulses and their detection. They particularly examined the effect of the electrical (Coulomb) interaction between the two oppositely charged quasiparticles. Under stable conditions, this interaction would bind the quasiparticles into a neutral composite particle called an exciton. Excitons are another example of a collective state that can exist in solids, somewhat like positronium atoms (which form from one electron and one positron). The authors obtained material-specific information such as the exciton binding energy, and observed an enhancement of the collisional cross-section (a quantity that governs the rate at which the quasi particles collide) as a result of the Coulomb force between the oppositely charged quasiparticles.
The beauty of Langer and colleagues' experimental toolkit is that it might finally allow quasiparticles and their mutual inter actions to be studied in the materials in which they arise. The negative and positive quasiparticles in the authors' experiment are similar to electrons and positrons in a vacuum, but a rich variety of unconventional quasiparticles could also be studied, for which no equivalent elementary particles are known. For example, when an electron is introduced into an insulating transition-metal oxide such as strontium titanate (SrTiO 3 ), the electron slightly attracts the positive ions in the material (Ti ). When the electron moves around the compound's lattice, the ionic displacements move with the electron. The resulting object -the electron plus the co-moving lattice distortion -is called a polaron 2, 3 . Its properties and behaviour are different from those of an electron; for example, its mass is typically two or three times higher.
Quasiparticles that are even more bizarre emerge in two-dimensional gases of interacting electrons in a strong magnetic field. The charge on these quasiparticles is a fraction of that for an electron: it can be one-third (the same as for elementary particles called quarks), one-fifth, one-seventh, or smaller 4, 5 . When a magnetic field is applied to certain superconductors, peculiar topological states known as vortices appear, equivalent to tubes of magnetic flux. Vortices and antivortices form spontaneously 6, 7 in 2D superconductors, but it might also be possible to generate them using light pulses. This would open the way to studies of their interactions using Langer and colleagues' approach, including the annihilation of vortex-antivortex pairs.
Quasiparticles are not only of academic interest -they also determine many of the properties and functionalities of materials, such as electrical resistivity, heat capacity and magnetism. There are thus many reasons to study quasiparticles in the materials in which they are manifested. Langer and co-workers have provided a fresh strategy with which condensed-matter physicists can tackle such studies. This promises fundamental insights,
QUANTUM-MATTER PHYSICS
Quasiparticles on a collision course
Emergent quanta of momentum and charge, called quasiparticles, govern many of the properties of materials. The development of a quasiparticle collider promises to reveal fundamental insights into these peculiar entities. See Letter p.225 1 describe a system that allows quasiparticle collisions to be studied. 
